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The effect of a transient (15 min) period of regional 
&hernia on coronary flow reserve in the postischemic 
myocardium was studied in 24 open chest dogs. Coronary 
flow was measured with electromagnetic flow probes, and 
flow reserve was determined during reactive hyperemia 
after 30 s coronary occlusions and during intracoronary 
infusions of adenosine. Measures of flow reserve after 15 
min of ischemia were made after coronary flow returned to 
basal levels and flow reserve was then monitored for 1 h. 
All measures of coronary flow reserve were significantly 
reduced after transient ischemia: peak flows during reac- 
tive hyperemia and intracoronary adenosine infusions de- 
creased by 20 and 24%, respectively, the peak/basal flow 
Coronary flow reserve is known to be altered by epicardial 
arterial stenoses and is increasingly used to assess the 
physiologic significance of coronary lesions (1). However. 
other factors also appear to modulate flow reserve. Patients 
with myocardial hypertrophy in the absence of angiographic 
coronary disease have been reported to have reduced flow 
reserve (2-4). Patients with angina pectoris but normal 
coronary angiograms have been noted to have decreased 
flow reserve (5.6). Even in patients with known coronary 
disease. variable flow reserve has been suspected (7,8). 
Small vessel coronary artery disease has been demon- 
strated in the absence of epicardial lesions in some of these 
patients, but the etiology of flow reserve abnormalities 
remains obscure in many situations (9,lO). Because many 
patients with abnormal coronary flow reserve have frequent 
episodes of either symptomatic or asymptomatic isch- 
emia, any effect of these episodes on flow reserve should 
be recognized. Therefore, this study was performed to 
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ratio by 16% and the repayment/debt ratio by 54%; 
minimal coronary vascular resistance during reactive hy- 
peremia and intracoronary adenosine increased by 29 and 
33%, respectively. Abnormal flow reserve was present for 
at least 1 h. No changes in flow reserve were detected in 
control animals over the same time period. 
Thus, a transient period of myocardial ischemia signif- 
icantly decreases coronary flow reserve for a prolonged 
period of time. This “vascular stunning” must be consid- 
ered when flow reserve is used to assess the functional 
significance of a coronary stenosis and could be the cause of 
variable exercise tolerance in patients with angina pectoris. 
(J Am Co11 Cardiol1989;13:195-9) 
determine if a brief period of myocardial ischemia can 
alter coronary flow reserve in the absence of an epicardial 
stenosis. 
Methods 
Animal model. Twenty-eight healthy adult mongrel dogs 
weighing 22 to 26 kg were anesthetized with intravenous 
pentobarbital (30 mgikg body weight). Their respiration was 
supported by mechanical ventilation (Harvard Apparatus) 
using room air. The heart was exposed with a left thoracot- 
omy and the proximal portion of the left circumflex coronary 
artery (before the first marginal branch) was dissected free. 
An electromagnetic flow probe (Biotronix, model BL-613) 
and a pneumatic occluder were placed around the artery. In 
14 dogs, a coronary catheter fashioned from a 26 gauge 
needle and Silastic tubing was inserted into the circumflex 
artery proximal to the flow probe for infusion of intracoro- 
nary adenosine. Patency of the intracoronary catheter was 
maintained with a continuous infusion of heparin, 200 U/h. 
Pairs of 5 MHz piezoelectric ultrasonic crystals were im- 
planted into the midanterior and midposterior walls of the 
left ventricle in 11 dogs; they were separated by 10 to 15 mm 
and oriented parallel to the minor axis. A 5F micromanom- 
eter (Millar PC-3501 was placed in the left ventricle through 
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a stab wound at the apex. Plastic catheters were inserted into 
the jugular vein and the carotid artery. 
Recordings of coronary artery flow, ultrasonic segment 
lengths, left ventricular pressure, systemic arterial pressure 
and the surface electrocardiogram were made on a Gould 
forced ink oscillograph (model 28005). A sonomicrometer 
(Triton Technologies) was used to measure segment length. 
Left ventricular pressure was recorded from the microma- 
nometer and systemic arterial pressure was recorded from 
the carotid catheter with use of a pressure transducer (Gould 
Statham P23 ID). 
Experimental protocol. Coronary flow reserve was de- 
termined in the left circumflex artery of 12 dogs before and 
after 15 min of regional ischemia (Group 1) and compared 
with changes in flow reserve in 12 control dogs over the same 
time period (Group 2). Four of the original 28 dogs were 
excluded from the analysis because they had ventricular 
fibrillation during ischemia (n = 2) or at the time of reperfu- 
sion (n = 2) and their heart could not be defibrillated within 
30 s. Two other dogs underwent successful defibrillation 
during reperfusion and were included in the analysis. Flow 
reserve was measured in all dogs during reactive hyperemia 
after brief (30 s) coronary occlusions and in 14 dogs (8 in 
Group 1 and 6 in Group 2) after an intracoronary bolus 
infusion of 32 pg of adenosine. A recovery time of 15 min 
was allotted between each measurement of reactive hyper- 
emia or adenosine infusion. Zero flow was carefully recah- 
brated during each coronary occlusion. After multiple base- 
line determinations of flow reserve, the circumflex coronary 
artery was occluded in the 12 Group 1 dogs. On recovery of 
flow to baseline levels in the Group 1 animals and, after a 
similar time period in Group 2 dogs, flow reserve measure- 
ments were repeated during a 1 h observation period. For 
each dog, reactive hyperemia was measured at least 3 times 
at baseline and during the 1 h postischemic observation 
period and the response to intracoronary adenosine was 
determined twice at baseline and after ischemia. 
After the final determinations of flow reserve, the dogs 
were intravenously administered 2,000 U of heparin and 
killed by administration of 20 ml of saturated potassium 
chloride solution followed by rapid excision of the heart. The 
left circumflex coronary artery was incised and examined 
grossly. 
Data Analysis 
Flow reserve. Flow reserve was measured as peak flow 
during reactive hyperemia or adenosine infusion, as ratios of 
peak/basal flow and repayment/debt areas during reactive 
hyperemia, and as minimal coronary vascular resistance 
during peak flows. The flow debt was calculated by multi- 
plying the duration of the circumflex artery occlusion by the 
basal flow before the occlusion. The repayment area was 
measured with a planimeter and was considered to be the 
total postocclusion flow minus the control flow during reac- 
tive hyperemia. Vascular resistance was calculated by sub- 
tracting left ventricular end-diastolic pressure from arterial 
diastolic pressure and dividing by coronary flow. Mean 
duration of hyperemia was considered to be the time elapsed 
between release of an occlusion and a 75% reduction in the 
increment in flow during hyperemia. The repeated determi- 
nations of flow reserve at baseline and after ischemia were 
averaged for each dog. 
Regional Function. The induction of ischemia was veri- 
fied by dysfunction of muscular shortening as measured by 
the piezoelectric crystals in the posterior wall. Systolic 
function was expressed as the fractional change in segment 
length from end-diastole to end-systole. The end of diastole 
was defined from the first derivative of left ventricular 
pressure (dP/dt) tracing as the time immediately preceding 
the upstroke of dP/dt. End-systole was defined as occurring 
0.04 s before peak negative dP/dt. 
Statistical analysis. All results are expressed as the mean 
2 SEM. A paired t test was used to compare measures of 
coronary flow reserve before and after the 15 min occlusion. 
Differences between groups were determined using a Stu- 
dent’s t test. Standard regression analysis was used to relate 
single and multiple variables. 
Results 
Coronary flow reserve. All measures of coronary flow 
reserve in Group 1 were significantly reduced after 15 min of 
myocardial ischemia (Table 1). Peak flow during reactive 
hyperemia was reduced by 20 2 3% (p = 0.0001) and peak 
flow during intracoronary adenosine infusion by 24 2 8% (p 
= 0.0193) (Fig. 1). The peak/basal flow ratio decreased by 16 
? 8% (p = 0.0427) and the repayment/debt area ratio by 54 
2 13% (p = 0.0027) primarily because of a marked short- 
ening of the duration of the hyperemic response from 41 5 4 
s to 26 t 3 s (p = 0.003) (Fig. 2). Minimal vascular resistance 
during both peak reactive hyperemia and intracoronary 
adenosine infusions increased by 29 2 13% (p = 0.0483) and 
33 t 13% (p = 0.0283), respectively (Fig. 3). After ischemia 
in Group 1, all measures of flow reserve were depressed at 
both the beginning and the end of the 1 h observation period. 
In contrast, there were no significant changes in flow reserve 
in the Group 2 control dogs (Table 1). 
Hemodynamics. There were small but statistically signif- 
icant rises in heart rate (4 f 2 beatsimin) and left ventricular 
end-diastolic pressure (1 + 0 mm Hg) in Group 1 only (Table 
2). Systemic blood pressure was unchanged. Basal circum- 
flex coronary artery blood flow decreased slightly but was 
not statistically significant (Fig. 1). There was no relation 
between changes in any hemodynamic variable analyzed 
either as individual or multiple variables and any measure of 
coronary flow reserve. 
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Table 1. Coronary Flow Reserve Before and After Reactive Hyperemia and Adenosine Infusions in 24 Dogs 
Pi-e 
Group I (II = I?) 
Post P* Pre 
Group? (n = II) 
Post P” P+ 
Peak flows (mlimin) 
Reactive hyperemia 
Adenojme 
Ratios 
Peak/basal tloh 
Repayment/debt area 
Minimal coronary rerihtance 
Idyne,scc. ‘1 
Reactive hyperemb 
Adenosine 
164 + 9 130 ? I5 0.0001 I68 i II I66 -t 13 NS O.OOOl 
179 +- 17 136 ? 20 0.0193 I71 1 20 I72 i- IX NS 0.0245 
4.3 + 0.3 3.6 ? 0.3 0.042! 4.4 ? 0.2 4.4 IT 0.1 NS 0.0233 
2.8 + 0.4 I.3 + 0.2 0.0011 ’ _. 7 + 0.2 2.6 -+ 0.2 NS 0.0006 
42 + 4 54 ? 8 0.0483 41 + 4 43 t 4 NS 0.0198 
42 % 4 55 + 6 0.0283 39 + 5 39 i 4 NS 0.0329 
‘Differences within groups over time: tdifferences between groups over time 
= after and before. respectively, reactive hyperemia and adenosine infusions 
Regional function. Posterior wall segmental shortening 
in Group 1 decreased by 44 + 19% from baseline to 1 h after 
ischemia, whereas anterior wall shortening increased by 3 ? 
9% (Table 2). The changes in posterior wall shortening both 
during and after the I5 min occlusion did not predict de- 
creases in coronary flow reserve. The alterations in regional 
function were also not correlated with changes in the hemo- 
dynamic variables. 
Pathology. All circumflex coronary arteries were free of 
obstructive lesions during examination at the termination of 
the protocol. Intraluminal thrombus was not found in any 
specimen. 
Discussion 
This study demonstrates that transient episodes of myo- 
cardial ischemia can significantly reduce coronary flow re- 
serve. All measures of flow reserve decreased, including 
peak flow, ratios of peak/basal flow. repayment/debt area 
Figure 1. Left circumflex coronary artery flow before (open bars) 
and after (shaded bars) ischemia in Group I dogs. Peak flows during 
reactive hyperemia and intracoronary adenosine infusions were 
significantly reduced after the IS min ischemic period although basal 
flow was unchanged 
BASAL REACTIVE 
P = 0193 
ADENOSINE 
Group I = dogs 5uhjected to ischemia: Group 2 = control dogs; Post and Pre 
and minimal coronary vascular resistance. Furthermore, the 
impairment in flow reserve remained detectable for at least 1 
h after reperfusion. This “vascular stunning” after transient 
ischemia must be considered a potential cause of previously 
unexplained decreases in flow reserve. 
Pathophysiology. Coronary flow reserve has been dem- 
onstrated to be reduced after prolonged ischemia leading to 
infarction (I I. 12). For example, a 4 h coronary occlusion can 
produce a 927~ reduction in the peak hyperemic response. 
The present model, however, was chosen because a 15 min 
occlusion does not produce infarction in the open chest, 
barbiturate-anesthetized dog. Thus, the cause of the abnor- 
mal flow reserve in this experiment cannot be attributed to 
vascular bed destruction: nor are the small hemodynamic 
fluctuations accompanying the period of transient ischemia 
likely factors in producing the flow reserve reductions in this 
Figure 2. Peak/basal flow (squares) and repayment/debt (circles) 
ratios in Groups I (open circles and squares) and Group 2 (shaded 
circles and squares). Flow reserve ratios fell significantly from 
baseline (pre) to the postischemic (post) period in Group I only. 
Statistical differences are between groups. Group I = dogs with 
ischemia; Group 2 = control dogs. 
PAE PO!3 
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REACTIVE 
p = .0283 
ADENOSINE 
Figure 3. Minimal coronary vascular resistance during reactive 
hyperemia and intracoronary adenosine infusions before (open bars) 
and after (shaded bars) the 15 min ischemic period in Group 1. 
study. The absolute magnitude of the change in filling 
pressure or heart rate necessary to produce significant 
alterations in flow reserve far exceed the observed changes 
in this study (13). 
Several hypotheses may explain the observed reduction 
inflow reserve after transient ischemia. Vascular resistance 
at either the arteriolar or capillary bed level may reflexly 
increase in response to an ischemic insult (14). The increase 
in resistance could also be secondary to local interstitial 
edema impinging on luminal dimensions (1.5) or to plugging 
of postischemic capillaries by neutrophils (16). Alterna- 
tively, vascular reactivity may be altered either by way of 
the sympathetic nervous system or through endothelial 
dysfunction resulting from transient ischemia with loss of 
endothelial mediated vasodilation (17,18). 
Clinical implications. The effect of a transient episode of 
myocardial ischemia in decreasing coronary flow reserve has 
important clinical implications. Quantitative measures of 
flow reserve are increasingly utilized to assess the functional 
significance of arterial stenoses (19-23). Because these pro- 
cedures may be performed in humans after variable periods 
of ischemia, a reduction in flow reserve due to ischemia may 
be falsely attributed to an arteriosclerotic lesion. For exam- 
ple, flow reserve has been reported (24) to be transiently 
abnormal in some patients immediately after angioplasty 
Table 2. Hemodynamic Changes in Group 1 (n = 12) 
Preischemia Postischemia P 
Heart rate (beatsimin) 
Pressures (mm Hg) 
Systolic 
Diastolic 
Left ventricular 
end-diastolic 
Segmental 
shortening (%) 
Anterior wall 
Posterior wall 
129 +- 4 134 ? 3 0.0424 
119? 4 117 * 4 NS 
91 -r 4 92 i 5 NS 
4?1 Si-1 0.0022 
14 * 2 15 + 3 NS 
15 ? 1 8+3 0.0188 
despite elimination of all stenotic lesions. Subsequent im- 
provements in flow reserve may have been secondary to 
healing and architectural remodeling of abnormal intralumi- 
nal topography that produced flow-limiting turbulence, or 
flow reserve may have increased as the postischemic myo- 
cardium recovered from “vascular stunning.” Thus, mea- 
surements of flow reserve after periods of ischemia in 
humans may cause an overestimation of the significance of a 
coronary stenosis. Furthermore, a reduction in flow reserve 
after an episode of transient coronary occlusion may alter 
other symptoms. Exercise tolerance may be impaired for a 
prolonged period of time. If the ischemia was silent, the 
reduction in flow reserve could lead to an otherwise unex- 
plained fluctuation in the angina threshold. 
Conclusions. A transient period of myocardial ischemia 
can significantly impair coronary flow reserve for a pro- 
longed period of time. This alteration in flow reserve or 
“vascular stunning” is most likely secondary to a change in 
the resistance or reactivity of the arterioles or capillaries. 
Effects of transient ischemia must be considered when flow 
reserve is used to assess the significance of coronary steno- 
ses. In addition, “vascular stunning” may be the cause of 
some otherwise unexplained variations in patient symptoms. 
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